A pulse radar system has been developed recently to detect dormant underground tunnels that are deeply located at depths of hundreds of metres. To check the ability of the radar system to detect an obliquely oriented tunnel, five different borehole pairs in the tunnel test site were chosen so that the horizontal lines-of-sight cut the tunnel axis obliquely, in 15 steps. The pulse radar signatures were measured over a depth range of 20 m around the centre of the air-filled tunnel. Three canonical parameters, consisting of the arrival time, attenuation, and dispersion time were extracted from the first and second peaks of the measured radar signatures. Using those parameters, the radar system can detect obliquely oriented tunnels at various angles up to 45 from the transmitter-receiver line of sight.
Introduction
The detection of underground tunnels has been one of the tantalising problems in geophysics (Ballard, 1982) . In recent years, the interest in tunnel detection methods has increased because of the tunnelling activities of terrorists and smugglers in the Gaza area of Israel, Afghanistan, and along the border between the USA and Mexico. Tunnels in active use or under construction can be discovered by optical, sound, or seismic data. In contrast, dormant tunnels might be detected by geophysical exploration using seismic or electromagnetic waves (Counts et al., 2007; Symons et al., 2008) . In particular, radar systems (using electromagnetic waves) have been considered to be the most effective system because of their high-resolution property (Duff, 1983) .
Several kinds of borehole radar systems have been used to detect deeply located man-made tunnels in Korea since the 1980s. However, it is very difficult to locate an air-filled tunnel of~2 m diameter, precisely because rock masses may be highly fractured, jointed, and weathered. Such inhomogeneities as faults, lodes, layers, ground-water, and so on can generate severe noise levels at the receiver. The 4th tunnel in the Korean Demilitarized Zone was discovered by analysing strong attenuation in the frequency domain due to the existence of tunnel (Kim and Ra, 1993; Ha et al., 1996; Park et al., 1998) . However, many researchers (Schneider and Peden, 1993; Ellis and Peden, 1997; Takahashi and Sato, 2006; Kim et al., 2007) have struggled to find an effective way on extracting the tunnel signature from among the radar receiver signal patterns contaminated by the above noise.
When an electromagnetic pulse passes through an air-filled tunnel, its velocity may increase due to the lower permittivity of air than of the surrounding rock. The boundaries of the tunnel can give rise to severe attenuation and multiple reflections, which distort the waveform of the pulse signal received. Olhoeft (1988) investigated the first and second peaks of the pulse signal response in the time domain to extract the velocity, attenuation, and dispersion time profiles. These three canonical parameters have been the main means of detection underground tunnels using cross-borehole pulse radar, because of their simplicity and accuracy. The validity of the three canonical parameters is well assured when a transmitter-receiver path is perpendicular to the tunnel.
Some researchers (Alleman et al., 1993; Moran and Greenfield, 1993 ) have investigated the cross-borehole pulse radar signatures of an obliquely oriented tunnel -a tunnel that cuts the radar propagation path at an angle. Moran and Greenfield (1993) developed a numerical model of a pulse radar system based on the analytic solution in 2.5D. Their result showed that all energy would be reflected away from the tunnel when the angle of an electromagnetic field incident on the tunnel wall increases beyond a critical angle. In the receiving antenna, such a strong reflection rendered the arrival of the first peak to be undetectable. Their results could explain why the detection of an obliquely penetrating tunnel was difficult. In contrast, Alleman et al. (1993) considered the detection of obliquely oriented tunnels by analysing radar signals measured at a tunnel test site. Their results showed that the pulse signal arrived earlier than the time predicted by ray path methods when the trace path approached the tunnel axis. This conflicted with the Moran and Greenfield (1993) conclusion, which was based on numerical modelling without considering the real tunnel investigation situation. The Alleman et al. (1993) experiment was performed at a test site, where a well characterised tunnel 2 m in diameter runs perpendicularly between 18 parallel borehole pairs. To set up various intersection angles with the empty tunnel, the transmitting antenna was fixed at the first borehole and the receiving antenna was inserted repeatedly at all of the boreholes in the opposite side. In consequence, the horizontal distance of the borehole pairs used spreads out over the wide range of 10 m to 84.2 m. Since the rock mass at the test site is highly lossy and inhomogeneous, the lowest frequency used for detecting the empty tunnel is~20 MHz. In practice, however, the dynamic range of an actual radar system is limited. It is well known that this limitation renders the maximum distance between a transmitter/ receiver pair to be restricted to less than 30 m.
Recently, a cross-borehole pulse radar system has been developed to detect a dormant underground tunnel located at a depth of hundreds of metres (Kim et al., 2007) . To check the capability of our radar system, we performed several experiments at an actual tunnel test site. This study is focused on obtaining more reliable signatures of the obliquely oriented tunnel with 2 m diameter. In our experiment, five borehole pairs are chosen to give horizontal lines-of-sight oblique to the tunnel axis, increasing in 15 steps. In addition, the maximum distance between borehole pairs is restricted to less than 25 m. The experimental data were collected using our cross-borehole pulse radar. The variation of the arrival time, attenuation, and dispersion time is analysed as the angle between the tunnel axis and the trace path is changed. The detection capability of cross-borehole pulse radars, using these parameters, is discussed in the following sections.
Measurement
The recently developed radar system was operated in cross-hole mode to get the tunnel signatures. Figure 1a shows the threedimensional geometry of the tunnel, and six neighbouring boreholes, at a tunnel test site in Korea. The empty tunnel has a cross-section of 2 m by 2 m, and is located at a depth of 73 m. The background medium between 63 m and 83 m depth is known to be pure granite with relative permittivity of 5.8. Four boreholes (B 1 -B 4 ) are used as the transmitter holes, and two boreholes (B 5 -B 6 ) in the opposite side are used as receiver holes. Figure 1b is a plan view at a depth of 73 m. Five hole-to-hole pairs are selected so that the angle between the tunnel axis and the trace path increases in 15 steps from 0 to 60 . Table 1 summarises the oblique angle y and the horizontal distances of the borehole pairs used.
The transmitter radiated an electromagnetic pulse of 5 ns width from one borehole, and a receiver covering the frequency band from 20 MHz to 200 MHz in the other borehole recorded the distorted pulse signal that had passed through the empty tunnel. The radar profiles were collected over the depth range of 63 m and 83 m, in common depth mode. Figure 2 shows the radar profiles in five different cases that y increases from 0 to 60 at each 15 step. The received pulse arrived faster in the tunnel depth. This phenomenon becomes more significant as the tunnel axis approaches closely to the alignment of the borehole pair. However the amplitude of the faster arriving pulse signal is gradually reduced as the tunnel angle y increases.
Results
Three canonical parameters, the arrival time, attenuation, and dispersion time, are extracted from the first and second peaks of the radar signature, as shown in Figure 3 . Initially, the arrival time is defined as the first peak arrival time, but the distances between Figure 4 shows the normalised arrival time profiles extracted from the radar data in Figure 2 .
Next, the attenuation variation as a function of depth, according to the tunnel/raypath angle is shown in Figure 5 . The attenuation (in dB) is also normalised by dividing the amplitude of the first peak at the depth of D into the amplitude of the first peak at 63 m as A norm ðDÞ ¼ 20 log 10 A meas ð63Þ A meas ðDÞ :
Finally, the dispersion time can be extracted from the time delay between two arrival times of the first and second peaks. The dispersion time is also normalised in the same manner as the arrival time. Figure 6 illustrates the normalised dispersion times.
As shown in Figures 4-6 , the air-filled tunnel is detected when fast arrivals, strong attenuation, and abnormal dispersion are observed simultaneously in the three normalised feature profiles. To analyse the variation of the parameters with respect to the tunnel/raypath angle, the maximum values of the features around the tunnel depth are depicted in Figure 7 . The normalised arrival time is transformed into the advanced time by changing its sign.
The maximum advanced time variation is shown in Figure 7a . When the trace path is perpendicular to the tunnel (y = 0 ), the normalised arrival time at the tunnel depth (D = 73 m) is accelerated by~10 ns due to the air inside the tunnel. As the tunnel/raypath angle increases from 0 to 45 , the time advance increases linearly from 10 ns to 15 ns. However, the time advance decreases to 3 ns for y = 60
. As shown in Figure 4 , fast arrivals occur over the whole depth of the tunnel when y is below 30 . However, if y increases to 45 or 60 , the arrival times are not accelerated but significantly decelerated below the upper boundary of the tunnel. This non-linear behaviour of the advanced time profile in Figure 7a comes from total reflection on the tunnel boundary at the critical angle about y = 45 . These experimental data agree with the simulation results of Moran and Greenfield (1993) .
In Figure 7b , the attenuation also increases gradually from 5 dB to 18 dB as y varies from 0 to 45 , because the reflection at the tunnel boundary increases according to y. But the attenuation decreases to 13 dB for y = 60
. In this case, total reflection occurs at the tunnel boundary and the fast arrival of the first peak cannot be detected. Hence, the first peak occurs at a later time and its amplitude cannot be attenuated significantly, as mentioned by Moran and Greenfield (1993) . One interesting feature is that the attenuations occur in the whole depth of the tunnel for any tunnel angle, as shown in Figure 5 . Olhoeft (1988) pointed out that the multiple reflections between the left and right boundaries of the tunnel cause the dispersion time to be changed drastically. The abnormal behaviour of the dispersion time may help us to confirm the existence of an empty tunnel. However, the dispersion should be used together with fast arrival and strong attenuation observations, because this parameter is sensitive to inhomogeneous properties in the rock mass. Figure 6 shows how easily it is contaminated by the irregularities of background rock. As the tunnel/raypath angle increases in Figure 7c , it is not easy to find a monotonic variation of the dispersion time because the first peak arrival is also corrupted by the strong distortion.
Conclusion
The capability of the cross-borehole pulse radar for detecting an obliquely oriented tunnel has been investigated using five different borehole pairs in the tunnel test site. Three canonical parameters (the arrival time, attenuation, and dispersion time) were extracted from the measured radar data. The arrival time of the first peak increased gradually as the tunnel angle increased up to 45 , but at 60 was relatively slower than the estimated arrival time without the tunnel. For all of the tunnel/raypath angles, the attenuation of the first peak occurred but the dispersion time became abnormal. These experimental results agreed well with the numerical simulations performed by Moran and Greenfield (1993) . Using the three canonical parameters, the cross-borehole radar can detect an empty tunnel up to a tunnel/raypath angle of 45 precisely. To improve the detection capability above a tunnel angle of 45 , a more intensive study of pulse propagation through an obliquely oriented tunnel is required.
